Herein, we report the synthesis of spherical gold nanoparticles with tunable core size (23-79 nm) in the presence of polyethylene glycol-g-polyvinyl alcohol (PEG-g-PVA) grafted copolymer as a reducing, capping, and stabilizing agent in a one-step protocol. The resulted PEG-g-PVA-capped gold nanoparticles are monodispersed with an exceptional colloidal stability against salt addition, repeated centrifugation, and extensive dialysis. The effect of various synthesis parameters and the kinetic/mechanism of the nanoparticle formation are discussed.
Introduction
Due to their unique optical properties, gold nanoparticles (GNPs) enable promising applications such as imaging, sensing, photothermal ablation of cancer, and drug delivery [1] [2] [3] . For various applications, the precise control of particle shape, size, and colloidal stability is essential [4, 5] . For spherical GNPs, synthetic protocols are available to prepare GNPs with acceptable monodispersity and colloidal stability [2] . Typically, gold salt is reduced by a reducing agent, which may act as capping agent simultaneously. For example, the well-known Frens method employs the reduction of gold salt (HAuCl 4 ) in aqueous media by citrate ions at boiling temperature. Citrate ions reduce gold and act as capping agents (physical adsorption) to stabilize the resulting gold colloid (12-50 nm) by electrical repulsion forces [6] . Stronger reducing agent such as sodium borohydride is used to prepare smaller nanoparticles (2-10 nm) with physically adsorbed boron species on the surface of GNPs [7] . Both methods result in GNPs that are capped with weakly adsorbed ions (physisorbed) and thus GNPs tend to aggregate upon stresses such as repeated centrifugation, dilution, dialysis, and upon contact with biological media [2] . Postsynthesis surface modification with small stabilizing molecules (e.g., thiolated molecules, amino acids, or proteins) or polymers (e.g., polyvinyl alcohol, polyethylene glycol, and polyelectrolyte) is essential to avoid aggregation and improves colloidal stability [8] . With this in mind, preparing highly stable and tunable GNPs in a one-step synthesis without the need for postsynthesis modification is a clear need. In this regard, special effort in the literature focused on the synthesis of GNPs in the presence of various water-soluble polymers that act as reducing and stabilizing agents simultaneously [9] [10] [11] . Poly(N-vinyl pyrrolidone) (PVP), poly(ethylene glycol) (PEG), and chitosan are examples of polymers used to reduce gold ions and simultaneously stabilize resulting GNPs [9, 11, 12] . Herein, we report the synthesis of monodispersed GNPs using grafted copolymer, namely, polyethylene glycolg-polyvinyl alcohol (PEG-g-PVA), which is commercially available, highly water soluble, and biocompatible [13] . The use of grafted copolymers is increasing in the research and industrial practice due to the hybrid functionality of the polymer [14] . For example, PEG-g-PVA was developed by pharmaceutical companies to substitute PVA, which require heating and longer time to dissolve and result in increased solution viscosity that is undesired in general processing and special applications. PEG-g-PVA is commercially produced in large scale and used in preparing instant-release coatings for pharmaceutical tablets and granules. In this work, we employ PEG-g-PVA as a reducing, capping, and stabilizing agent to prepare GNPs in a one-step protocol. Moreover, PEG-g-PVA allows the synthesis of various sizes of spherical GNPs with excellent monodispersity and exceptional colloidal stability against various stresses such as salt addition, repeated centrifugation, and dialysis.
Experimental Section
2.1. Materials. Chloroauric acid (HAuCl 4 ⋅3H 2 O, 99.9%), trisodium citrate, and polyvinyl alcohol (MW 31,000-50,000, 98-99% hydrolyzed) were obtained from Sigma-Aldrich and used as received. PEG-g-PVA (Kollicoat IR 75%, 25% polyethylene glycol, and 75% polyvinyl alcohol, MW 45000 Da) and PVA (MW 45000 Da) were a gift from BASF. All solutions were prepared with purified water (18.2 MΩ⋅cm). Glassware was cleaned with aqua regia and rinsed thoroughly purified water (18.2 MΩ⋅cm). Dialysis cassettes of MWCO = 100,000 Da were purchased from Spectra Laboratories (Milpitas, CA).
Instrumentation.
Absorption spectra were taken using a UV/VIS spectrophotometer (Spectrascan 80D, Biotech Eng., UK). Transmission electron microscopy (TEM) images were obtained with a Morgagni (Philips, Netherlands) 268 FEI electron microscope operating at 40 kV attached to MegaViewG2 Olympus Soft Imaging Solutions. TEM grids were prepared by drop-casting 10 L of the purified gold nanoparticle dispersions on Formvar coated copper TEM grids (300 mesh, Ted Pella Inc., Redding, CA) and allowing them to dry in air. FTIR spectra were recorded using a Thermo Nicolet NEXUS-670 spectrometer (Nicolet NEXUS-670, Thermo Scientific, Waltham, MA, USA). A micro centrifuge (Eppendorf 5418, Hamburg, Germany) and a LabQuake shaker (Barnstead-Thermolyne, Dubuque, IA) were used in gold nanoparticle synthesis and purification as detailed below.
Purification of PEG-g-PVA (Kollicoat IR).
Purification was conducted by weighing around 5 g of Kollicoat IR and washing thrice with dichloromethane (100 mL at each wash), filtered and left to dry in the oven at 40 ∘ C for an hour. Afterwards the dried amount was dissolved in 40 mL DIW until a solution is obtained, which was dialyzed using a cellulose membrane dialysis tube (cutoff MW = 10 000) at room temperature overnight against 4.0 L of DI water. The dialyzed solution was then frozen in liquid nitrogen and lyophilized over two nights to obtain a white powder.
Preparation of Citrate-Capped Gold Nanoparticles (CitGNPs).
Citrate-capped gold nanoparticles were synthesized using Frens method [6] . An aqueous solution of 0.25 mM HAuCl 4 , 100 mL, was heated in a conical flask and brought to boiling. To the boiling solution, 3.0 mL of an aqueous solution of 1% (w/w) sodium citrate was added.
The heating was maintained until a deep ruby red color appeared (10 minutes), indicating the formation of gold nanoparticles. Transmission electron microscopy UV-Vis spectrophotometry measurements were used to evaluate the prepared nanoparticles.
Preparation of PEG-g-PVA-Capped
Gold Nanoparticles (PEG-g-PVA-GNPs). Typically, PEG-g-PVA-GNPs were prepared by boiling 100 mL of aqueous solution of 1% w/v of PEG-g-PVA (Kollicoat IR) and subsequently 0.25 mL of 0.1 M HAuCl 4 was added to the boiling solution. The heating was maintained until a red color appeared (20 minutes), indicating the formation of gold nanoparticles. Transmission electron microscopy and UV-Vis spectrophotometry measurements were used to evaluate the prepared nanoparticles. The same procedure was employed with various concentration of gold salt or polymer at different preparation temperature or pH to evaluate the effect of these parameters as indicated in the main text.
Reaction Kinetics Studies.
To study the reaction kinetics a typical batch was prepared using 1% w/v PEG-g-PVA (Kollicoat IR) solution. 100 mL of fresh DIW was allowed to heat and 1.00 g of Kollicoat IR was added; the solution was allowed to boil then 250 L of HAuCl 4 (0.1 M) was added at once. The solution was kept boiling for further 15 minutes for complete growth of nanoparticles. Samples were obtained throughout the whole course of the reaction and photograph pictures and UV-Vis spectra were obtained immediately for each sample.
Preparation of PVA-Capped Gold Nanoparticles (PVAGNPs).
Typically, PVA-GNPs were prepared by boiling 100 mL of aqueous solution of 1% w/v of PVA and subsequently 0.25 mL of 0.1 M HAuCl 4 was added to the boiling solution. The heating was maintained until a red color appeared (20 minutes), indicating the formation of gold nanoparticles. Transmission electron microscopy and UV-Vis spectrophotometry measurements were used to evaluate the prepared nanoparticles.
Stability against Repeated
Centrifugation. The purified gold nanoparticle solutions (5.0 mL) (Cit-GNPs, PVA-GNPs, and PEG-g-PVA-GNPs) were centrifuged at 10 000 rpm for 10 min, and the resulting pellets were resuspended with DI water. The centrifugation was repeated four times, and then optical photographs and UV-Vis spectra were obtained for all samples after each centrifugation to monitor gold nanoparticle aggregation.
2.9. Stability against Dialysis. A 1.0 mL purified aliquot of both (Cit-GNPs, PVA-GNPs, and PEG-g-PVA-GNPs) solutions was placed in a cellulose membrane dialysis cassette (cutoff MW = 10 0000) at room temperature overnight against 4.0 L of DI water. After dialysis, optical photographs and UV-Vis spectra were obtained for solutions in the cassettes to monitor gold nanoparticles stability against aggregation. 
Stability against Salt Addition.
The purified gold nanoparticle solutions (1.0 mL), both (Cit-GNPs, PVA-GNPs, and PEG-g-PVA-GNPs), were centrifuged at 10000 rpm for 10 min, and the resulting pellets were resuspended with solution of NaCl with different concentrations (1, 0.5, 0.1, 0.05, and 0.01 M). Sonication was applied for 1 minutes and then photograph pictures and UV-Vis spectra were obtained immediately.
Results and Discussion
The aim of this work is to evaluate to feasibility of using polyethylene glycol-g-polyvinyl alcohol (PEG-g-PVA) grafted copolymer as a reducing, capping, and stabilizing agent in a one-step synthesis of GNPs. The rationale of using PEG-g-PVA is based on the unique structure of this grafted polymer, in which the PVA brushes (which may act as reducing and capping moieties) are grafted from PEG backbone (which may act as a reducing and strong stabilizing agent). Molecular structure of PEG-g-PVA is shown in Figure 1 .
Boiling an aqueous solution of gold salt (HAuCl 4 ) in presence of PEG-g-PVA resulted in the formation of deep-red solution indicating the formation of GNPs (particle diameter = 23.2 ± 1.1 nm). The resulting GNPs were monodispersed (polydispersity index <5%) as evident from TEM analysis (Figure 1(c) ). Since our protocol employs the use of PEG-g-PVA in absence of any other common reducing agents such as hydrides or citrate, we attribute the reduction of gold salt to the presence of the polymer itself as a reducing agent.
To exclude an artifact from impurities in the commercially used PEG-g-PVA in our synthesis, the polymer was purified extensively by dialysis followed by lyophilization as detailed in the experimental section. Both "as is" and "purified" PEGg-PVA resulted in similar GNPs (data not shown), indicating that the PEG-g-PVA polymer itself initiates the reduction of gold ions and not other associated impurities. The ability of PEG-g-PVA to reduce gold ions is not surprising since pure PEG or PVA can act as a reducing agent for metal ions [15] . Longenberger and Mills reported that metal salts of Au, Pd, and Ag are transformed into metal nanoparticles in aqueous solution containing either PEG or PVA polymer at room temperature [15] . However, resulting metallic nanoparticles in their work were formed in (8-144) hours with a broad particle size distribution (in our case, the reaction is much faster ∼30 minutes at boiling condition and results in a GNPs with excellent monodispersity as evident from the TEM image in Figure 1(c) ).
Since the reduction of gold ions should be coupled with the oxidation of the PEG-g-PVA, we attempted to follow any possible oxidation of the polymer using FTIR analysis. Figure 2 shows the FTIR spectra of purified PEGg-PVA in comparison with thoroughly purified PEG-g-PVAcapped gold nanoparticles (PEG-g-PVA-GNPs). The characteristic vibration bands of PEG-g-PVA can be assigned to the vibration of C-OH, C-H, C=O, and C-O bonds as labeled in Figure 2 . Above 3000 cm −1 , a broad and very are assigned to the C-O stretching. Unfortunately, we were not able to detect significant changes in both spectra for the polymer and the resulting nanoparticles. We did expect to see a vibration peaks related to conjugated polyenes and/or nonconjugated polyenes as a result of PVA segment oxidative degradation or vibration peaks associated with the formation of acid and/or aldehydes as a result of PEG oxidation and chain scission [15, 16] . The low sensitivity of our FTIR analysis to detect significant changes in both spectra could be explained by the low number of functional groups in the polymer that are involved in the redox chemistry (polymeric functional groups are in excess compared to gold ions), which hindered unveiling the molecular mechanism of the redox chemistry that involved in the reduction of gold ions by PEGg-PVA.
Interestingly, the particle size and thus the optical properties of PEG-g-PVA-capped GNPs can be tuned readily by varying the (polymer : Au) ratio. GNPs with various particle size ( = 23.2 ± 1.1-79.3 ± 9.0 nm) were prepared by varying the polymer content from 0.125% to 2.0% w/w at a constant gold salt level (1.0 mM) as evident from various solution color (red-purple-blue) and a clear red-shift in corresponding plasmon peaks in their UV-Vis ( max red-shifts in the range of 529-580 nm) without significant broadening (Figure 3) . Moreover, the resulting spherical GNPs showed excellent monodispersity as evident from TEM analysis (Figure 3) . It is worth mentioning that using polymer content less than 0.125% w/w resulted in the formation of polydispersed and large nanoparticles which aggregate readily, where the use of higher polymer concentrations (>3% w/w) resulted in smaller nanoparticles which is difficult to purify by centrifugation due to the higher viscosity of solution at higher polymer levels (data not shown). The ability to control gold nanoparticle's size and optical properties via polymer content was demonstrated for related systems where poly(N-vinyl-2-pyrrolidone) was used to prepare GNPs in one-step synthesis [12] .
Beside the effect of (polymer : Au) ratio, optimization studies were performed to evaluate the effect of temperature and pH on the resulting PEG-g-PVA-capped GNPs in term of polydispersity as judged by the broadness of their UVVis spectra. We found that the boiling condition (100 ∘ C) is required to insure a sharp plasmon peak around 530 nm, where decreasing the reaction temperature results in broader Plasmon peak as evident from Figure 4 (a). Higher temperature is well-known to result in faster and controlled reduction of Au(III) ions and thus more homogenous nucleation and monodispersed GNPs [17] . Neutral pH (around 6.5) was found optimal to prepare monodispersed GNPs with the narrowest plasmon peak (Figure 4(b) ) where either basic and acidic conditions increase the polydispersity of GNPs as evident from broader plasmon peak at pH = 1 or pH = 9. Interestingly, at pH = 1.2 (highly acidic), no nanoparticles were formed as evident from the absence of the plasmon peak in the UV-Vis spectra and the clear solution in Figure 4 (b). Our finding disagree with the case of reduction of gold salt by ascorbic acid in aqueous medium where low pH results in well-dispersed and uniform GNPs while higher pH results in larger GNPs and ensembles of fine Au colloid [18] . However, both systems (reduction by the PEG-g-PVA or by ascorbic acid) are completely different for direct comparison. One explanation of the dependency of GNPs properties on solution pH is the fact that reaction pH could affect the redox chemistry of the secondary hydroxyl groups in PVA segment and/or the ether groups in the PEG segment. Other explanations could be that the complexation of the hydroxyl or ether groups in the PEG-g-PVA with gold metal is altered by the solution pH. The later explanation is supported by the reported speciation of gold ions as function of solution pH as aqueous HAuCl 4 consists of [AuCl (OH) 4− ] − , where ( < 2) at low pH and ( ≥ 2) at high pH [18] . However, the exact mechanism of molecular interaction between the polymer and the gold ion prior to reduction and the consequent reduction to form GNPs is not elusive at the time being and should be the subject of future research.
At optimum conditions (pH = 6.8, = 100 ∘ C, 1% w/w polymer), the kinetics of the formation of PEG-g-PVA-GNPs was studied by following the development of the plasmon peak using UV-Vis spectrophotometer. Figure 5 shows the color and the UV-Vis spectra of the reaction solution at various time points (one-minute intervals). At the first 5 minutes, grayish color showed up with very broad plasmon peak with low intensity around 500-600 nm, indicating the formation of small "nuclei" of noble gold [19] . After this stage, violet solution color was observed and the plasmon peak intensity increased with blue-shifted to lower wavelength as the heating maintained (5-15 minutes). After about Interestingly, we observed a continuous blue-shift in the localized surface plasmon resonance (LSPR) of GNPs during our reaction. This observation could be the result of continuous decreased in nanoparticle size polydispersity upon continuous consumption of gold nuclei to grow larger monodispersed GNPs via the Ostwald ripening and/or collision coalescence mechanisms [20] . Another explanation is based on the continuous deaggregation of nanoparticle "assembles" upon heating [21] due to enhanced adsorption of stabilizing polymer on the surface of GNPs to eliminate plasmon coupling effect, which is associated with a red-shift in the LSPR with significant broadening [1, 19] . Sardar and Shumaker-Parry reported the synthesis of GNPs using 9-orabicyclo[3.3.1]nonane where they observed a red-shift followed by a blue-shift in the LSPR peak, which was explained by a decrease in particle size polydispersity and dispersion [22] . An extensive TEM analysis coupled with an in situ particle growth quenching are necessary to unveil the exact explanation for the observed blue-shift and should be the subject of future contribution.
Colloidal stability of nanoparticles is a critical factor dictating its physical, chemical, and biological properties [4] . For various applications, maintaining an excellent colloidal stability is advantageous. Unfortunately, many synthetic routes of preparing gold nanoparticles do not ensure a high stability of the resulting nanoparticles. For example, citrate-capped gold nanoparticles (Cit-GNPs) as prepared using the classical Frens method are meta-stable at best, which usually aggregate upon salt addition, dialysis, or repetitive centrifugation. With this in mind, postsynthesis surface functionalization is required to enhance their colloidal stability. Herein, the resulting PEG-g-PVA-GNPs were found to have exceptional colloidal stability "as prepared" without the need for any further surface modification. The colloidal stability of three types of nanoparticles (Cit-GNPs, PVA-GNPs, and PEG-g-PVA-GNPs) against salt addition, repeated centrifugation, and dialysis was evaluated. The labile nature of Cit-GNPs against salt addition is clearly shown in Figure 6 (a), where nanoparticle aggregation was induced at NaCl concentration of 0.1 M, in agreement with published reports [23] . The aggregation of Cit-GNPs is evident from the color change from red to blue and associated red-shift and broadening in their LSPR peak. PVA-GNPs showed superior stability compared to Cit-GNPs ( Figure 6(b) ), where aggregation starts at much higher concentration (stable at 0.5 NaCl and aggregated at 1.0 M NaCl). Interestingly, PEG-g-PVA-GNPs show exceptional colloidal stability against salt addition as evident from the constant red color of their solutions and the superimposing UV-Vis spectra in Figure 6 (c). Similar to the excellent colloidal stability against salt addition, PEG-g-PVA-GNPs show exceptional stability against repeated centrifugation as shown in Figures 6(d)-6(f) . While a significant aggregation is induced upon the second centrifugation; in the case of Cit-GNPs and PVA-GNPs, no aggregation was observed in the case of PEG-g-PVA-GNPs as evident from constant red solution color and UV-Vis spectra ( Figure 6(f) ). Moreover, similar trend was observed when the colloidal stability of the three types of GNPs was evaluated against dialysis ( Figure 7 ). Our colloidal stability evaluation clearly highlights the exceptional stability of the prepared PEG-g-PVA-GNPs, which may be explained by the presence of polymeric shell of both PEG-PVA on the surface of GNPs that act as a capping agent and stabilizing agent considering that both PVA and PEG are well-known surface stabilizers and capping agent for various colloidal systems [24, 25] . 
Conclusion
In conclusion, polyethylene glycol-g-polyvinyl alcohol (PEGg-PVA) grafted copolymer was employed successfully as a reducing, capping, and stabilizing agent in a one-step protocol to prepare monodispersed gold nanoparticles with tunable core size (23-79 nm). The use of PEG-g-PVA to prepare gold nanoparticles showed exceptional colloidal stability against various stresses such as salt addition, repeated centrifugation, and dialysis compared to gold colloid prepared with PVA or citrate ions for comparison. The synthetic protocol can be fine-tuned by various parameters such as pH, Au : polymer ratio, and reaction temperature.
